high-valent iron-oxo ͉ oxygen activation ͉ oxygenases
M
echanisms for the activation of dioxygen at iron centers typically invoke the heme paradigm in which a highvalent iron-oxo intermediate serves as the oxidizing species (1) . Such species have been trapped in the catalytic cycles of heme enzymes such as cytochrome P450 (2, 3) and peroxidases (where these species are referred to as compounds I and II) (1) . The generation and characterization of corresponding biomimetic oxo-iron(IV) porphyrin complexes have significantly enhanced our understanding of their structural, spectroscopic, and reactivity properties (4, 5) . A diiron(IV) intermediate called Q has been identified with Mössbauer spectroscopy in the catalytic cycle of the nonheme diiron enzyme methane monooxygenase (6) (7) (8) ; this intermediate has been proposed from extended x-ray absorption fine structure (EXAFS) evidence to have an Fe IV 2 (-O) 2 core structure (9) . Iron(IV)-oxo species have also been proposed as the oxidizing species for nonheme monoiron enzymes that require pterin or ␣-ketoglutarate cofactors (10, 11) , but evidence for the analogous high-valent iron-oxo species is at best only indirect.
Synthetic efforts in the past 10 years have demonstrated the accessibility of the iron(IV) oxidation state in a nonheme ligand environment, particularly in coupled iron(III)iron(IV) complexes (12) (13) (14) (15) (16) (17) (18) ; indeed one of these, [Fe 2 (-O) 2 (5-Et 3 -tris(2-pyridylmethyl)amine, TPA) 2 ](ClO 4 ) 3 , has been crystallographically characterized (19) . However, only recently has evidence for synthetic mononuclear iron(IV)-oxo species been obtained. Grapperhaus et al. (20) 2 in high yield. The remarkable stability of this complex has allowed us to obtain the high-resolution structure of a complex with a terminal Fe IV AO unit (21) . In this article, we demonstrate that the Fe IV AO unit can also be supported by the tetradentate tripodal ligand TPA. In this case, [Fe
is formed nearly quantitatively from the stoichiometric reaction of its iron(II) precursor with a peracid and is a more reactive species. Its greater oxygen-atom transfer capabilities toward substrates like thioanisole and cyclooctene emphasize the important role that ligand structure can play in modulating the reactivity of the Fe IV AO unit.
Materials and Methods
Materials and General Procedures. All reagents and solvents were purchased from commercial sources and used as received, unless noted otherwise. Solvents were dried according to published procedures and distilled under Ar before use (22) . meta-Chloroperbenzoic acid was purified by washing with phosphate buffer (pH 7.5) and subsequent recrystallization of the residue from CH 2 Physical Methods. UV͞visible spectra were recorded on an Hewlett-Packard 8453A diode array spectrometer with samples maintained at low temperature by using a cryostat from Unisoku Scientific Instruments, Osaka. 1 H NMR spectra were recorded on a Varian Inova VXR-300 spectrometer at ambient temperature. Chemical shifts (ppm) were referenced to the residual solvent peaks. Electrospray MS was performed on a Finnigan-MAT (San Jose, CA) LCQ ion trap mass spectrometer with samples of 0.33 mM Fe complex. The spectrum of the thermally labile intermediate was obtained by direct introduction of the solution of the intermediate generated at Ϫ40°C into the injector port of the spectrometer. The capillary heater on the instrument was turned off and the flow of the atomizing gas was increased to minimize thermal decomposition of the unstable intermediate.
Mössbauer spectra were recorded with two spectrometers, using Janis Research (Wilmington, MA) SuperVaritemp dewars that allow studies in applied magnetic fields up to 8.0 T in the temperature range from 1.5 to 200 K. Mössbauer spectral simulations were performed by using the WMOSS software package (WEB Research, Minneapolis). Isomer shifts are quoted relative to Fe metal at 298 K.
X-ray absorption spectroscopy (XAS) data were collected at beamline X9 of the National Synchrotron Light Source at Brookhaven National Laboratory (Upton, NY). X-ray absorption spectra at the iron K-edge were collected between 6.9 and 8.0 keV, and the monochromator was calibrated by using the edge energy of iron foil at 7,112.0 eV. The data were obtained in fluorescence mode [A exp (C f ͞C 0 )] at 13(1) K. Our XAS data analysis protocol has been described (26) . For reasons yet undetermined, the addition of 5 l of H2O to the 3-ml solution increased the stability of 2 by a factor of 3 without affecting max and max; thus, all subsequent samples were prepared in this manner. The Mössbauer spectral features of 3 compare well with those of S ϭ 1 Fe IV AO complexes, and therefore we have fitted the data with the spin Hamiltonian
Results and Discussion
where all of the symbols have their conventional meaning. The solid lines drawn through the data in Figs. 3A and 4 are theoretical spectra computed with the parameters listed in Table 1 . A few comments about the simulations are in order. The parameters D, ⌬E Q , , A z , and ␦ are determined with good precision. However E͞D, A x , and A y are strongly correlated, which is not surprising because the spectra depend on the magnetic hyperfine field,
in the x-y plane. The observed hyperfine field in the x-y plane is nearly isotropic and, because E͞D determines the anisotropy of the expectation values of S, ͗S x,y ͘, one can trade A x and A y for E͞D. Table 1 lists the parameter set for E͞D ϭ 0, but essentially equivalent fits are obtained for any value 0 Յ E͞D Յ 1͞3. For E͞D ϭ 1͞3 we obtained A x ͞g n ␤ n ϭ Ϫ35 T and A y ͞g n ␤ n ϭ Ϫ19 T; the values for A x and A y depend nearly linearly on E͞D. The Mössbauer spectra of 2 are incompatible with a highspin (S ϭ 2) Fe IV assignment. Thus, fitting the data to an S ϭ 2 site yields an unreasonably large D value (D Ϸ 25 cm Ϫ1 ) and an A iso ϭ (A x ϩ A y ϩ A z )͞3 that is 2.5 to three times smaller than A iso values for S ϭ 2 Fe IV sites. At 100 K the electronic spin relaxes rapidly and the temperature dependence of the magnetic hyperfine field, B hf , follows the Curie law. The splitting of the low energy feature reveals that B hf Ϸ S(S ϩ 1){g Ќ ␤B͞3 kT}{A Ќ ͞g n ␤ n } Ϸ Ϫ1.6 T, yielding A Ќ ͞g n ␤ n Ϸ Ϫ7.3 T for S ϭ 2. It is the presence of the larger spin factor S(S ϩ 1) for S ϭ 2 that requires the small A values. Adjusting to S ϭ 1 increases A Ќ to values commonly observed for S ϭ 1 complexes. B hf increases at 4.2 K nearly linearly with the applied field, implying a very large D no matter whether S is assumed to be 1 or 2.
Whereas D values of 20-30 cm Ϫ1 are quite common for S ϭ 1 Fe IV sites, available data directly and indirectly indicate much smaller D values for high-spin Fe IV sites. The only structurally characterized S ϭ 2 compound, the five-coordinate chloroiron(IV) complex of a macrocyclic tetraamidate reported by Collins et al. (31) has D ϭ Ϫ2.6 cm Ϫ1 and A iso ͞ g n ␤ n ϭ Ϫ12 T. Exchange-coupled S ϭ 1͞2 Fe III Fe IV complexes, designed as models for the diiron clusters of methane monooxygenase and ribonucleotide reductase, contain highspin Fe IV sites with A iso ͞g n ␤ n ϭ Ϫ(15.8-18.5) T [obtained from the raw data after correcting for the spin projection factor; A iso ϭ (Ϫ4͞3)a iso , where a iso is the intrinsic a value of the Fe IV site] (13, 14, 16, 18) . Moreover, the S ϭ 1͞2 ground states of the Fe III Fe IV complexes exhibit g values confined to the range between 1.99 and 2.01, suggesting that mixing of excited orbital states into the ground state by spin-orbit coupling is very small. As long as only states derived from 5 D are considered the zero-field splitting tensor is proportional to g-2 (32) , and thus D is expected to be small.
XAS.
Structural insight into 2 is provided by XAS. Complex 2 exhibits an intense 1-s 3 3-d preedge transition with an area of 30(4) units (Fig. 5) . The value observed here is much higher than is commonly seen for six-coordinate iron complexes (4-10 units; refs. 33-35) but comparable to those ob- Table 1 . Eighty percent of the Fe in the sample belongs to 2, and the remainder is a diiron(III) species with properties identical to that observed in B. The spectrum in B was observed after 2 was allowed to decay. This species, 3, is diamagnetic according to a spectrum (not shown) recorded in an applied field of 7.0 T; ⌬E Q ϭ 1.48(5) mm͞s, ␦ ϭ 0.45(2) mm͞s, ϭ 0.5 (approximately equivalent sites). (C) Spectrum observed after addition of thioanisole to 2. The major doublet (75%) is a low-spin iron(II) (S ϭ 0) species with ⌬E Q ϭ 0.35 mm͞s and ␦ ϭ 0.44 mm͞s. The remainder of the absorption is mainly a diiron(III) species, most likely the same species present in the sample before addition of thioanisole. Fig. 4 . Mö ssbauer spectra of 2 (same sample as that used for Fig. 3A ) recorded in magnetic fields applied parallel to the observed ␥-rays at temperatures and fields indicated. Solid lines are spectral simulations based on Eq. 1 using the parameters listed in Table 1 . 5 ) and for high-valent iron-oxo porphyrin complexes (27-38 units) (36, 37) . Such a transition becomes more intense as the metal environment deviates from centrosymmetry, consistent with the presence of a terminal oxo ligand that imposes a significant distortion on the iron coordination environment.
EXAFS analysis of 2 shows that its first coordination sphere consists of one O͞N at 1.67 Å, four N͞O at 1.99 Å, and one N͞O at 2.20 Å (Fig. 6, Table 2 ). The 1.67-Å distance, assigned to the oxo ligand, compares well with corresponding distances in synthetic oxo-iron(IV) porphyrins and heme peroxidase compounds I and II determined from EXAFS analysis (36, 38); more importantly, it closely matches the 1.646(3)-Å distance recently found in the crystal structure of [Fe (1) (data not shown). Also 2 reacts with a 100-fold excess of cyclooctene at Ϫ40°C, decaying over a 4-h period and ¶ The site symmetries of this complex are low as indicated by the observation that both the A tensor and the EFG tensor are rotated relative to the zero-field splitting tensor; the rotation angles are quoted in the paper by Costas et al. (17) . affording the corresponding epoxide in 30% yield. Thus 2 is an effective oxygen-atom transfer agent at Ϫ40°C. When the oxidation of thioanisole by 2 is carried out at Ϫ40°C in the presence of H 2 18 O, no 18 O is incorporated into the thioanisole oxide product. This result demonstrates that the oxo ligand of 2 does not readily exchange with H 2 18 O, in agreement with the mass spectral results described above. are also comparably inert to exchange with solvent water (17, 21) , as are heme peroxidase compounds II at alkaline pH (39) . In contrast, exchange of solvent water is facile for peroxidase compounds II at pH 7 because of hydrogen bonding to the oxo atom (39) ) of these bands make an oxo-to-iron(IV) charge transfer assignment unlikely and suggest instead a ligand field transition. The latter assignment would be consistent with our inability thus far to observe a resonance-enhanced Fe Fourier-transformed range k ϭ 2-15 Å Ϫ1 (resolution 0.12 Å). r is in units Å, ⌬ 2 in 10 Ϫ3 Å 2 . Back-transformation range: rЈ ϭ 0.60 -3.20 Å. The 1.67-Å shell was fit by using a scatterer with oxygen parameters, whereas the 1.99-and 2.20-Å shells were fit by using scatterers with nitrogen parameters. Note, however, that backscatterers differing in Z by 1 unit cannot be distinguished by EXAFS. GOF, goodness of fit.
Scheme 1.
model the variables are the tetragonal, ⌬, and rhombic, V, components of the ligand field and the one-electron spin-orbit coupling constant, Ϸ 400 cm [Preliminary density functional theory calculations (A.S., V. Vrajmasu, and E.M., unpublished results) indicate that the first excited state of 2, obtained for a geometry optimized structure, is indeed S ϭ 2, suggesting immediately that the Oosterhuis and Lang model (47) is not applicable. Presently, however, we do not know whether mixing with this state will produce the right magnitude for D. Moreover, other contributions to D, described in a comprehensive analysis by Neese and Solomon (49) , have to be explored as well.] Such excited states can be admixed into the ground state by spin-orbit coupling, and this admixture would affect the D value but would not lead to a reduction of A x and A y . It has recently been shown that 40% of the zero-field splitting of the S ϭ 2 state of Fe II rubredoxin is attributable to mixing with excited S ϭ 1 configurations and that such mixing does not affect the A tensor (50) .
Lastly, a comparison of reactivity properties of the iron(IV) complexes shows that the supporting ligand does in fact play an important role in modulating the stability of the iron(IV)-oxo unit. At Ϫ40°C the TPA complex is stable for several days, whereas the TMC complex persists for at least a month; their estimated half-lives at 10°C are 1 h and 1 d, respectively. The analogous tetramesitylporphin complex [Fe IV (O)(TMP)], reported to be stable in benzene for a few minutes at room temperature, falls within this stability range (51) . In contrast, [Fe IV 2 (-O) 2 (BPMCN) 2 ](OTf) 4 can be obtained only at Ϫ80°C and decomposes readily on warming (17) . The cyclam-acetate complex appears similarly unstable, but its behavior is not well characterized (20) . The relative stabilities of the TPA, TMC, and BPMCN complexes are inversely correlated with their oxidative reactivity, that is, the less stable iron(IV) complexes are the stronger oxidants. The most stable of the three complexes, [Fe IV (O)(TMC)(NCCH 3 )](OTf) 2 , can transfer its oxygen atom to PPh 3 at Ϫ40°C but not to thioanisole (21) . In contrast, 2 oxidizes thioanisole readily at Ϫ40°C and epoxidizes cyclooctene. Complex 2 is thus even more reactive than its porphyrin (TMP) analogue, which is stable in the presence of olefins Ͻ0°C (51).
[Fe IV 2 (-O) 2 (BPMCN) 2 ](OTf) 4 , the least stable of the three, is able to oxidize the COH bonds of adamantane in nearly quantitative yield on warming to Ϫ40°C (17) . Although the mechanisms and energetics of these reactions remain to be investigated in detail, this comparison emphasizes a key point, namely that the ligand, and perhaps the core nuclearity, can play a large role in controlling the reactivity of the Fe IV AO moiety. These iron(IV)-oxo complexes can thus serve as a useful starting point for understanding the mono-or di-iron(IV) oxidation chemistry that is proposed to occur in the nonheme active sites of monoiron enzymes such as pterin-dependent phenylalanine hydroxylase and ␣-ketoglutarate-dependent prolyl hydroxylase and diiron enzymes such as alkane monooxygenases and fatty acid desaturases (10, 11) .
